The textile industry is a major user of dyes and hence an important source of water pollution, which poses a threat to aquatic as well as human life. Adsorption is a widely used technique for separating and removing dye from wastewater. Recently the use of mesoporous silica (MPSs) as an adsorbent in wastewater treatment has received considerable attention. MPSs are emerging as potential adsorbents because of their surface area, tunable and uniform pore structure, high pore volume, ordered pore structure, thermal and mechanical stability, and extraordinarily wide possibilities for functionalization to increase their adsorption capacity. In this paper the ability of MPSs to absorb dyes from aqueous solutions is reviewed. This article provides information on adsorption studies carried out under different operational conditions such as contact time, solution pH, temperature, agitation speed, etc. This review also summarizes and attempts to compare the equilibrium isotherm and kinetic models, and the thermodynamic studies that report the adsorption of dyes onto MPSs. The literature reviewed, indicate that SBA-MPSs have a higher adsorption capacity than MCM-MPSs and functionalized MPSs a better adsorption capacity than MPSs. It is evident from the literature that the potential of MPS based nano-sorbents being used for removing dyes from aqueous solution is very high. However, still more research work is needed on developing cost effective and more efficient MPS based nano-sorbents for use commercially.
high adsorption capacity, rapid adsorption kinetics as well as high selectivity for adsorbates during the adsorption process. Various traditional adsorbents, such as zeolite, clay, activated carbon, fly ash, peat, microbial biomass and agricultural residues have been used for removing dye from wastewater. Inherent disadvantages of these materials are their low loading capacities, relatively small dye binding constants and poor selectivity (Zhuang et al. 2009; Huang et al. 2011a; Debnath et al. 2013) .
Over the past two decades, mesoporous silica (MPS) such as SBA-15, MCM-41, SBA-3 and MCM-48 have received extensive attention as promising adsorbents with a wide field of applications due to their high surface area, tunable and uniform pore structure, high pore volume, ordered pore structure, thermal and mechanical stability and extraordinarily wide possibilities for functionalization (Yan et al. 2006a; Chen et al. 2012) . In recent years, MPSs have been used to adsorb heavy metal ions (Aguado et al. 2009; Li et al. 2011; Addy et al. 2012; Shahbazi et al. 2013; Shahbazi et al. 2014) , organic dyes (Pugazhenthi 2009; Qin et al. 2009; Huang et al. 2011a; Huang et al. 2011b; Boukoussa et al. 2013; Badiei et al. 2014) , polycyclic aromatic hydrocarbons (Choudhary and Mantri 2000; Dou et al. 2011; Vidal et al. 2011; Balati et al. 2014) and other organic pollutants and the results indicate that the MPSs have excellent adsorption ability (Kim et al. 
Introduction
The treatment of industrial wastewater has become more important in recent years as industrial effluents contain many toxic pollutants, such as dyes, which can severely damage the environment (Ho et al. 2000; Huang et al. 2011b) . There are over 100,000 commercially available dyes. The total worldwide consumption of dyes by the textile industries is in excess of 10 7 kg per year, and approximately one million kilograms of dye are discharged into rivers and streams by textile industries each year (Órfão et al. 2006; Demirbas 2009; Huang et al. 2011b) . The major problem associated with the discharge of large quantities of these organic compounds in wastewater is their chemical stability and low biodegradability in water due to their complex aromatic structure and synthetic origin, which is potentially harmful to the environment. Also many of them are known to be toxic or carcinogenic (Crini and Badot 2008; Fatimah et al. 2011) . Various physical, chemical and biological techniques, such as ultrafiltration, reverse osmosis, ion exchange and adsorption on various adsorbents have been developed for removing dye from aqueous solutions (Huang et al. 2011a ). Chemical techniques are often expensive and the accumulation of concentrated sludge from which dye has been removed presents a disposal problem. In addition, a secondary pollution problem may arise due to the excessive use of chemicals (Karim et al. 2012) . Adsorption is one of the most attractive technologies because it is highly efficient, cheap and easy to use (Debnath et al. 2013) . The key aspect of adsorption technology is an excellent adsorbent with In this paper, the data on the use of various MPSs for adsorbing dyes is reviewed. The effects of various parameters, such as the process variables and experimental conditions are presented and discussed. The equilibrium and kinetic models which are used to characterize the adsorption processes are also reviewed.
Classification of textile dyes
Dyes are normally water-soluble or water dispersible organic compounds that are capable of being absorbed into a substrate (Kulkarni and Ruppersberger 1985) . In dye molecules there are two important components: the chromophore, which is responsible for producing the colour and auxochromes, which are ionizable groups that enhance the affinity of the dye for fibers (Demirbas 2009; Salleh et al. 2011) . The chromophore configurations are the azo group (-N=N-), ethylene group (=C=C=), methine group (-CH=), carbonyl group (=C=O), carbon-nitrogen (=C=NH; -CH=N-), carbon-sulphur (=C=S; ≡C-S-S-C≡), nitro (-NO 2 ; -NO-OH) and nitrozo (-N=O; =N-OH). The common auxochrome groups are: amino (-NH 2 ), carboxyl (-COOH), sulphonate (-SO 3 H) and hydroxyl (-OH) (Rai et al. 2005; Herbst and Hunger 2007; Carmen and Daniela 2012) .
The nature and origin of dye are the criteria used in the general classification of natural and synthetic textile dyes (Carmen and Daniela 2012) . Dyes also can be classified with regard to their chemical structure (e.g. azo, anthraquinone, indigo, triphenylmethane), the method and domain of usage (e.g. direct, reactive, chromic, metal-complexes, disperse, mordant, sulphur, vat, pigments) , and/or their chromogen (e.g. donor-acceptor, cyanine, polyenes) (Kulkarni and Ruppersberger 1985; Herbst and Hunger 2007; Demirbas 2009 ).
Considering only their general structure, textile dyes are also classified into anionic, nonionic and cationic dyes (Rajeshwar et al. 2008; Demirbas 2009; Salleh et al. 2011) . Anionic dyes are direct, acid and reactive. The release of a water soluble reactive into the environment is undesirable because they have a low degree of fixation due to the hydrolysis of reactive groups in the water phase (Shreve and Watson 1922; Laing et al. 1991; Salleh et al. 2011) . Nonionic dyes are dispersive dyes because they do not ionize in an aqueous medium (Robinson et al. 2001; Dos Santos et al. 2007 ). Cationic (basic) dyes have different chemical structures based on substituted aromatic groups (Limaye and Ruparelia 2011; Salleh et al. 2011) . Principal chemical classes are diazahemicyanine, triarylmethane, cyanine, hemicyanine, thiazine, oxazine and acridine. Some basic dyes are biologically active and used in medicine as antiseptics (Hunger 2002) . Cationic groups of dyes are toxic colorants and can have harmful effects, such as allergic dermatitis, skin irritation, mutations and cancer (Vigo 1994; Salleh et al. 2011) . As mentioned, there are many structural varieties, such as acidic, dispersive, basic, azo, diazo, anthraquinone-based and metal complex dyes. Azo and anthraquinone colorants are the two major classes of synthetic dyes and pigments. Together they represent about 90% of all organic colorants (Kulkarni and Ruppersberger 1985; Demirbas 2009; Salleh et al. 2011) . Depending on pH, the azo dyes can be anionic (deprotonation at the acidic group), cationic (protonated at the amino group) or nonionic. Accordingly, knowledge of the pH is indispensable for characterizing the behaviour of azo dyes (Lallas 2001; Lichtfouse 2005; Gregory 2009; Carmen and Daniela 2012) . Some examples of common textile dyes are presented in Table 1 .
Methods of treatment for removing dyes
The textile industry is one of the greatest generators of liquid effluent pollutants, due to the high quantities of water used in dyeing processes (Banat et al. 1996; Saratale et al. 2011) . Several methods are used for removing dye from wastewater. Technologies can be divided into three categories: biological, chemical and physical (Robinson et al. 2001; Crini 2006; Demirbas 2009 ).
Biological treatment is often the most economical alternative to physical and chemical processes (Crini 2006; Saratale et al. 2011) . However, application of biological treatment is often restricted because of technical constraints. Biological treatment requires a large land area and is constrained by diurnal variation and toxicity of some chemicals and the inflexibility of the design and operation (Crini 2006; Martínez-Huitle and Brillas 2009) .
The most important disadvantage of chemical methods is the production of sludge resulting from the use of chemicals and in addition, the disposal of the sludge is expensive. There is also the possibility that a secondary pollution problem will arise because of the excessive use of chemicals (Slokar and Majcen Le Marechal 1998; Robinson et al. 2001; Demirbas 2009; Huang et al. 2011a) . Adsorption is globally recognized as the most promising method of wastewater treatment because of its versatility, wide applicability and low cost (Demirbas 2009; Weng et al. 2009; Eftekhari et al. 2010; Huang et al. 2011b ). Most adsorbents are easily available and inexpensive. How ever, their practical application has been limited by problems associated with their regeneration, disposal, poor mechanical stability, high sludge production and low removal effectiveness of a wide range of dyes (Crini 2006; Yang and Feng 2010a; Saratale et al. 2011; Nguyen and Juang 2013) . To overcome these disadvantages, which are a major challenge for dye treatment, various nano-adsorbents have been developed. After 1995, some attempts were made to prepare and use these nano-sized materials to simply remove dyes from aqueous systems. An early attempt was that of Wu and co-workers, who adsorbed several anionic dyes on nano-sized alumi-na-modified silica particles of different compositions (Wu et al. 1997 ). Among nano-adsorbents, nanostructure materials such as MPSs have been found to be suitable adsorbents for the removal of dyes from wastewater (Joo et al. 2009; Anbia and Salehi 2012) . MPSs offer significant improvements over conventional adsorbents with their extremely high specific surface area, short intraparticle diffusion distance, tunable pore size, changeable surface chemistry and high adsorption capacity (Zhang 2007; Vimonses 2011; Qu et al. 2012; Qu 2013) . Since 1992 MPSs have been commonly used as adsorbents (Paul et al. 2012) . They are of interest because of their relatively large pores, which facilitate mass transfer, the very high surface area, which allows a high concentration of active sites per mass of dye and high mechanical stability (Tsoncheva et al. 2007; Yang and Feng 2010b; Tseng et al. 2012 ). In addition, it is possible to change their surface chemistry by anchoring various chemical functional groups onto pore walls, which are exceptionally selective and have a high capacity for adsorbing various dyes (Liu et al. 1998; Taguchi and Schüth 2005; Chew et al. 2010; Yang and Feng 2010a; Huang et al. 2011b; Karim et al. 2012) . The three consecutive steps in the adsorption of dye by MPSs adsorbent are: (i) Transport of the dye to the external surface of the adsorbent (film diffusion). (ii) Transport of the dye within pores of the adsorbent, only a small amount of the dye is adsorbed on the external surface (particle diffusion). (iii) Adsorption of the dye on an inner surface of the adsorbent (Mohan and Singh 2002; Ping Ge 2011) . The adsorption efficiency of various MPSs of some dyes is summarized in Table 2 . According to the literature (Table 2) , SBA-15 has a significantly higher adsorption capacity than MCM-48 due to its larger pore size (5.27 nm vs. 3.0 nm), which allows dye molecules to easily diffuse from surface to pores of SBA-15 (Wang and Li 2006; Juang et al. 2007; Huang et al. 2011b ). In addition, the adsorption capacity and efficiency of MPSs depends on the functional group and class of dye. It is well-known that MPSs have a negative surface charge due to the presence of Si−OH groups, which promotes the adsorption of positively charged dyes. Therefore, the effectiveness of MPSs in the adsorption processes is highly dependent on the functionalization of the surface of the silica network with functional groups that are suitable for adsorption of specific substances. a variety of surface functionalized mesoporous silicas have been used for adsorbing varies dyes (Table 2) . For example, the adsorption of cationic dye by chitosan-functionalized MPS is 0.012 mmol/g and that of anionic dye by amino-functionalized MPS 0.6-1.96 mmol/g (Cestari et al. 2007; Zu-bieta et al. 2008; Cestari et al. 2009 ). MPSs functionalized with carboxylic and amino groups have been fabricated for capturing basic and acidic dyes, respectively, are very efficient (good selectivity, large capacity and extremely rapid adsorption rate) because of the designed strong electrostatic interactions and their high surface areas (Ho et al. 2003; Anbia and Salehi 2012; Santos et al. 2013) . Also both the adsorbent and dye can be easily recovered by simply washing with an alkaline or acid solution. Without surface modification, surfactants such as MPPSs are essential for removing dyes Santos et al. 2013 ). The greater selective adsorption of anionic dyes from an aqueous solution by PDDA 1 functionalized SBA-15 is due to its larger adsorption capacity than that 1 Polydiallyldimethylammonium chloride. of PDDA functionalized commercial silica and granular activated carbon (360 mg/g vs. 40.8 and 29.6 mg/g, respectively). This is due to its relatively large surface area and pore diameters in the mesopore range. It is concluded that pore structure and the superior properties of the MPSs affect the impregnation of PDDA, which results in a high PDDA loading and adsorption performance (Ho et al. 2003; Joo et al. 2009 ). The desorption of Remazol Red dye by NH 2 -MCM-41 is highly efficient (98.2%) and greater than that obtained using Fe(III)/Cr(III) hydroxide (9%) and several carbon-based adsorbents (Ho et al. 2003; Santos et al. 2013) . MPSs are easily protonated in water, which results in their having a charged surface that interacts with other ions in solution. Therefore, MPS could be used as efficient adsorbents for the removal of dye (Walcarius and Mercier 2010) . 
Dye adsorption by mesoporous silicas

Synthesis and functionalization of MPSs
Typically, MPSs synthesize tunable pore sizes and geometry in the presence of different cationic/anionic surfactants, which act as templates (Norhasyimi Rahmat 2010; Alothman 2012; Pal and Bhaumik 2013) . MPSs of various structures, such as hexagonal, cubic and lamellar form are formed by varying the type of surfactant and surfactant/silica ratio. For example, MCM-41 prepared using cationic cetyltrimethylammonium (CTA) surfactants, after calcination yield a hexagonally ordered porous solid with uniform pore sizes of 20 to 30 Å (Ying et al. 1999; Ogawa 2002; Øye et al. 2006 ). There are various physical and covalent strategies for functionalizing MPSs, such as co-condensation (one-pot synthesis), grafting (post-synthesis modification) and imprint coating (Vinu 2005; Slowing et al. 2008; Zhao et al. 2012 ). Co-condensation of a tetraalkoxysilane and one or more orgaoalkoxysilanes has been widely used for producing inorganic-organic hybrid networks. The advantages of this method are: (i) applicable to a wide variety of organoalkoxysilanes; (ii) suitable for a wide range of reaction conditions; (iii) the coverage of functional groups is homogeneous; (iv) the functional groups can be heavily loaded without dramatically affecting the structural ordering of the pores (Slowing et al. 2008; Yokoi et al. 2012 ). Post-grafting was the first method used to modify MPSs. Basically, this method involves a reaction between an organosilane and silanol group using a solvent under reflux conditions to form covalent attachment of func-tional groups to the surface of the material. Among the disadvantages of this method is the reduction in pore size and pore volume caused by the attachment of the functional group (Huang 2009; Norhasyimi Rahmat 2010; Pal and Bhaumik 2013) .
The third type is periodic mesoporous organosilic form of the ion method, i.e., bridging organic units are directly incorporated in the three-dimensional network structure of the silica matrix (Hoffmann et al. 2006; Pal and Bhaumik 2013) .
Effect of adsorption factors on dye removal
Effect of pH
The pH of the solution has a marked effect on the adsorption process, especially of dyes. This has been studied by preparing an adsorbent-adsorbate solution with defined adsorbent dose and dye concentration and adjusting the pH using NaOH (1 M) or HCl (1 M). In fact, pH can affect the structural stability of dyes and therefore the intensity of the colour (e.g. transforming a dye to a leuco-structure under alkaline conditions ). Hence, the selection of the range in pH to be used in studies on dye adsorption is a key point. The effect of pH on the adsorption of organic dyes using MPSs is summarized in Table 3 .
The pH will control the magnitude of the electrostatic charges imparted by the ionized dye molecules. As a result the adsorption efficiency will vary with the pH of an aqueous solution. Generally, at low pHs the percentage of a cationic dye removed will decrease while that of an anionic dye will increase (Calvete et al. 2009; Demirbas 2009; Khaled et al. 2009; Ponnusami et al. 2009; Deniz and Karaman 2011; Salleh et al. 2011; Li et al. 2013b; Yan et al. 2013 ). The point of zero charge pH (pH pzc ) is another important characteristic that determines the pH at which the adsorbent surface has net electrical neutrality (Gupta et al. 2011) . At pH < pH pzc , the functional groups are protonated and a positive surface charge dominates. In this case, it is possible to attract negatively charged ions (Malamis and Katsou 2013) . The removal of cationic MB dye using 3-aminopropyl triethoxysilane-MPS is increased by increasing pH, and a maximum adsorption capacity of 66 mg/g is achieved at pH = 7 (Karim et al. 2012) . The adsorption of YD by Al-MCM-41 is markedly increased from 23% at pH = 2 to 67% at pH 10 (Boukoussa et al. 2013 ). The capacity of dimethyldecylamine-MPS for adsorbing sulphonated azo dye of 0.3 mg/g is gradually enhanced by decreasing the pH to less than 4. Increasing pH resulted in a decrease in adsorption capacity, presumably because of the deprotonation of the surface groups and protonation of the acidic functional groups of Azo dye, leading to an electrostatic repulsion between adsorbent and adsorbate (Yang and Feng 2010a ). From the above it is clear that there is an optimum pH for adsorption and it tends to decrease rapidly at strongly acid or strongly alkaline pHs. The maximum adsorptions of acidic dyes were recorded in solutions with a pH of 2 to 6 and that of cationic dyes of 7 to 11. In contrast, in a high pH solution the percentage of cationic dyes removed by adsorption increases and that of anionic dyes decreases. In a high pH solution, the positive charge at the solution interface decreases and the adsorbent surface appears negatively charged (Bharathi and Ramesh 2013).
Effect of adsorbent dosage
In order to determine the minimum amount of adsorbent necessary for removing dye from waste water it is important to know what effect adsorbent dose has on dye removal. The effect of adsorbent dosage on the adsorption process is determined by preparing an adsorbentadsorbate solution with different amounts of adsorbents and adding a fixed initial concentration of dye, which are then shaken together until an equilibrium is reached (Salleh et al. 2011; Anbia and Salehi 2012; Karim et al. 2012) . It is extensively recorded in the literature that the percentage of the dye adsorbed increases with increase in MSP dosage, but the adsorption capacity (q e , mg/g) decreases with increase in MSP dosage. The effect of MPS dosage on the adsorption of cationic and anionic dyes is summarized in Table 4 . For instance, the adsorption AG-28 by PEHA 2 -SBA-3 indicates that at a constant concentration of an acid dye and increasing the adsorbent dosage from 0.2 to 0.4 g/l, increases percentage adsorption from 95.91 to 98.87, but the adsorption capacity decreases from 479.55 to 247.17 mg/g (Anbia and Salehi 2012) . This is attributed to the significant unsaturation of adsorption sites at high adsorbent dosages. The recorded trend indicates that adsorbent dose affects both the percentage of dye removed and adsorption capacity. Therefore, the optimization of the MPS dosage, in terms of both maximizing the percentage adsorption and adsorption capacity, is an important aspect of removing dye from an aqueous solutions (Bharathi and Ramesh 2013) .
Effect of speed of agitation
Speed of agitation has an important effect on adsorption as it influences the distribution as can be shown by varying the speed of agitation of the adsorbate-adsor-2 Pentaethylene hexamine. bent solution while keeping other parameters constant and taking samples at different intervals. Generally the removal of dyes increases with agitation speed (Weng et al. 2009; Bharathi and Ramesh 2013) . The mobility of ions in the solution is higher and mass transfer resistance lower if the appropriate speed of agitation is used (Bulut and Karaer 2014) . At high agitation rates, the boundary layer becomes thinner, which usually enhances the rate of diffusion of solute through the boundary layer. At high speeds, the value of the external diffusion coefficient is high (Mckay and Poots 1980) . In most cases increase in the speed of agitation is associated with an increase in the rate of adsorption, particularly during the early stages of the process. The speed of agitation affects the kinetics but not the equilibrium capacity (Demirbaş and Alkan 2013). Boukoussa et al. (2013) report that the adsorption of YD by calcined and uncalcined Al-MCM-41 is best studied at 900 rpm as the adsorption efficiency increases by a factor of 2 when the speed of agitation speed is increased from 200 to 900 rpm (Boukoussa et al. 2013) .
Recently it has been shown that there is a small effect of speed of agitation of more than 150 rpm on the adsorption capacity of acid dyes by PEHA-SBA-3. Increasing the speed from 0 rpm to150 rpm increases the adsorption capacity of AG-28 from 440 to 480 in 60 min and the adsorption capacity remained constant at speeds of agitation greater than 150 rpm (Anbia and Salehi 2012) . Increasing the speed of agitation decreases the boundary layer resistance to the transfer of adsorbate molecules from the bulk solution to the adsorbent surface. As a result the adsorbate is forced towards the adsorbent surface, which leads to an increase in the diffusion of adsorbate into the surface of the adsorbent (Demirbaş and Alkan 2013; Malamis and Katsou 2013).
Effect of contact time
The effect of contact time on the adsorption of dye is determined by keeping an adsorbent-adsorbate solution with a fixed adsorbent content and initial concentration of dye for different intervals of time until equilibrium (Bharathi and Ramesh 2013) . From an economic point of view contact time provides useful information on the efficiency and feasibility of a full scale operation. For an adsorbent to be efficient in wastewater treatment, it needs to be able to rapidly adsorb the dye and reach equilibrium in a short period of time (Aghayan et al. 2012; Anbia and Salehi 2012; Chen et al. 2012) . Data presented in Table 5 show that the adsorption of anionic and cationic dyes by MPSs has a short equilibrium time of 5-60 minutes, which depends on initial concentration of dye. The adsorption of Methylene Blue (MB), a cationic dye, was studied using HPG-COOH 3 -SBA-15. The equilibrium time was 15 min. Moreover 95% of dye was adsorbed within the first 7 min. This result indicates that HPG-COOH-SBA-15 is a highly efficient adsorbent . Similarly a short equilibrium time is recorded for the adsorption of MB by Al-SBA-15 (Chang et al. 2013a ). Generally, the efficiency with which dyes are removed increases to a certain extent with increase in contact time. Further increase in contact time does not increase the deposition of dyes on the available adsorption sites of the adsorbent material. At this point, the amount of dye desorbing from the adsorbent is in a state of dynamic equilibrium with the amount of dye being adsorbed onto the adsorbent. The time required to attain this state of equilibrium is termed the equilibrium time, and the amount of dye adsorbed at equilibrium time reflects the maximum adsorption capacity of the adsorbent under those operating conditions (Crini and Badot 2008) .
Effect of temperature
Effect of changes in temperature is an indicator of the nature of the adsorption, i.e., whether it is an exothermic or endothermic process (Demirbaş and Alkan 2013) . If the adsorption capacity increases with increasing temperature then it is an endothermic process. This may be due to an increase in the mobility of the dye molecules. In addition, the weakening of the physical interactions between dyes and active adsorbent sites could be why there is a decrease in adsorption capacity with increase in temperature. The aqueous solubility of solutes generally increases with increase in temperature, which impedes the adsorption process. a decrease in adsorption capacity with increasing temperature indicates that it is 3 Multicarboxylic hyperbranched polyglycerol. an exothermic process. Increasing temperature may decrease the adsorptive forces between dyes and the active sites on the adsorbent surface as a result of decreasing adsorption capacity (Chowdhury and Saha 2010; Salleh et al. 2011; Bharathi and Ramesh 2013) . Also thermodynamic parameters such as changes in Gibbs free energy (ΔG), enthalpy (ΔH) and entropy (ΔS) give information about the adsorption mechanism. The positive values of ΔH reveal the endothermic nature of adsorption and the possibility of physical adsorption. The negative values of ΔG reveal that adsorption is highly favourable.
The positive values of ΔS reveal increased disorder and randomness at the solid solution interface of the adsorbent (Demirbas 2009; Ping Ge 2011; Sharma and Das 2012) . The effect of temperature on the adsorption capacity of cationic and anionic dyes by MPSs is summarized in Table 6 . Adsorption of Yellow 87 dye by uncalcined Al-MCM-41 and MCM-41 is exothermic. In this case, the adsorption decreased from 72% to 60% when the temperature increased from 24 to 80 °C. The increase in temperature seems to promote a gradual decrease in the electrostatic interaction between the dye molecules and the surfaces of Al-MCM-41. Moreover, the positive value of ΔS of adsorption of Yellow 87 dye by MCM41 indicates an increase in the disorder at the solid-solution interface Boukoussa et al. 2013) . For the adsorption of Methylene blue by Al-MCM-41 the value of ΔH is negative (−17.92 kJ/mol), which indicates an exothermic process (Eftekhari et al. 2010) . The same results were obtained by Huang et al. 2011b for the adsorption of Methylene blue by SBA-15 (Huang et al. 2011b ). Hence, the adsorption of dyes by MPSs can be either an endothermic or exothermic process depending on the surface chemistry of silica.
Adsorption modeling
Equilibrium isotherm models Adsorption properties and equilibrium data, commonly known as adsorption isotherms, describe how pollutants interact with adsorbent materials and are critical for optimizing the use of adsorbents. In order to op-timize the design of an adsorption system for removing dye from solutions it is important to establish the most appropriate correlation for the equilibrium curve. An accurate mathematical description of equilibrium adsorption capacity is indispensable for reliable prediction of the adsorption parameters and quantitative comparison of adsorption behaviour in different adsorbent systems (or for various experimental conditions) in any given system (Gupta and Suhas 2009 ).
Adsorption equilibrium is established when the amount of dye being adsorbed onto the adsorbent is equal to the amount being desorbed. It is possible to depict the equilibrium adsorption isotherms by plotting the concentration of the dye in the solid phase against that in the liquid phase. The distribution of dye molecules in the liquid phase and the sorbent is a measure of the position of equilibrium in the adsorption process and can generally be expressed by one or more of a series of isotherm models. The shape of an isotherm may be used to predict if a sorption system is ''favourable'' or ''unfavourable'' . The shape of the isotherm can also provide qualitative information on the nature of the solute-surface interaction (Dąbrowski 2001; Demirbas 2004; Sud et al. 2008; Salleh et al. 2011) . There are many isotherms that describe sorption such as Langmuir, Freundlich, BET, Toth, Temkin, Redlich-Peterson, Sips, Frumkin, Harkins-Jura, Halsey, Henderson and Dubinin-Radushkevich. For designing Table 6 The effect of temperature on the adsorption process of dyes by various MPSs. Table 7 The mathematical equations of isotherm models.
Mesoporous silica
Isotherm Equation
Langmuir C e / q e = 1/k L + (a L /k L ) C e
Freundlich lnq e = lnq F + 1 / n F × lnC e Redrich-Peterson q e = K RP C e / 1 + αC e g Temkin q e = BlnK t + BlnC e C e : dye concentration at equilibrium (mg/l); q e : amount of dye adsorbed at equilibrium (mg/g); K L : the Langmuir isotherm constant (l/g); a L : the Langmuir isotherm constant (l/mg); K F (l/g) and n F : the Freundlich isotherm constant; K RP and α: the Redlich-Peterson constants; g is the exponent which lies between 0 and 1 (g = 1 reduces it to Langmuir form); K t : the Temkin equilibrium binding constant (l/mg) corresponding to the maximum binding energy; B: the constant related to the heat of adsorption. the optimum adsorption system it is important to first establish the most appropriate equilibrium curve (Crini and Badot 2008; Yadla et al. 2012) . The most frequently used equations for describing isotherms of the adsorption of dye by MPSs in solid/ liquid systems are the Langmuir (Joo et al. 2009; Chen et al. 2012; Chang et al. 2013a; Liu et al. 2013 ), Freundlich (Monash and Pugazhenthi 2009; Anbia and Salehi 2012) , Redlich-Peterson (Monash and Pugazhenthi 2009; Yang and Feng 2010a; Wu et al. 2012) and Temkin Mahmoodi et al. 2011) . The mathematical equations of these models are presented in Table 7 .
There is little literature on the isotherm modeling of dye adsorption by MSPs. (Table 8 ). The Langmuir model is the most appropriate one for describing adsorption in the case of MB (Huang et al. 2011a ) and BV-10 (Juang et al. 2006) by MPSs, and Remazol Red (Asouhidou et al. 2009 ) and MB (Chang et al. 2013b ) by functionalized MPSs. The adsorption of Rifazol Yellow GR, Rifazol Red BB 150 and Rifafix Yellow 3RN150H by PDDA-SBA-15 are well described by the Langmuir isotherm model (R 2 > 0.999), in which the steep increase in adsorption capacity (120, 240, 340 mg/g respectively) indicates a great affinity of the adsorbent for dyes, followed by a plateau, which indicates the maximum capacity when the monolayer is saturated (Joo et al. 2009 ). Similar conclusions are reported for the adsorption of the dyes AR14, AB1 and AB25 by amine-functionalized-MPSs. In this case, the adsorbed layer is one molecule thick and the sites homogeneous, which confirms the suitability of the Langmuir model (Mahmoodi et al. 2011) . Multilayer adsorption of the dyes RB, CV and MG by MCM-41 is best described by the Freundlich model. Moreover multilayer adsorption does occur ). Studies of adsorption of MG by Tren-SBA-15 indicate that both Freundilch and Sips models describe the experimental data well. The value of the Sips isotherm constant, n S , is greater than unity, indicating system heterogeneity, which could be attributed to the arm-like structure of the Tren groups that probably capture the MG molecules of various shapes . The Langmuir and Redlich-Peterson isotherm models can accurately describe the overall adsorption equilibria of MB, phenosafranine and night blue by carboxylate-functionalized-MPS (C-MPS), which indicates a single surface reaction with constant activation energy predominates and that monolayer adsorption occurs in all of these sorption processes (Yan et al. 2006b ).
Kinetic
Dynamics of the adsorption process can be understood by evaluating kinetic data (Deniz and Karaman 2011; Rehman et al. 2012) . Kinetic aspects of adsorption provide useful data for determining the feasibility of scale-up operations and valuable information on the mechanism of the adsorption process (Calvete et al. 2009; Feng et al. 2012) . When choosing the material to be used as an adsorbent not only should it have a large adsorption capacity, but also a high mass transfer rate and fast adsorption kinetic (Ho and Mckay 1999; Qiu et al. 2009; Aghayan et al. 2012; Gandhimathi et al. 2012) . Kinetic modelling allows both the adsorption rates and characteristics of possible reaction mechanisms, along with suitable rate expressions, to be estimated (Ho and Mckay 1999) . It is usually necessary to carry out experimental studies using several variables to test data in order to confirm whether the mechanism is film diffusion, diffusion sorption or a combination of these processes (Ho et al. 2000) . Three kinetic models (Table 9 ) are widely used to describe the adsorption of dye by MPSs: (i) pseudo-first-order kinetic model (Lagergren model) (Parab et al. 2009 ); (ii) pseudo-second-order kinetic model (Ho and McKay model) (Mahmoodi et al. 2011); (iii) intraparticle diffusion model (Webber and Morris model) (Qin et al. 2009 ). Sometimes the pseudo-first-order model is not a good fit over the whole range of contact times and fails to predict the amount of dye adsorbed. In this case, the pseudo-second-order equation, which is based on the sorption capacity of the solid phase and assumes that chemisorption may be the rate-controlling step in the adsorption processes, can be used (Salleh et al. 2011) . Pseudo-second order kinetics are usually associated with situations when the rate of direct adsorption/desorption process controls the overall sorption kinetics (Plazinski et al. 2009 ). The advantage of using the pseudo-second-order model is that there is no need to know the equilibrium capacity, as it can be calculated from the model. In addition, the initial adsorption rate can also be obtained from the model (Ho 2006; Plazinski et al. 2009 ). Usually, the best-fitting model is selected based on the value of the regression correlation coefficient (R 2 ). Generally, kinetic adsorption is better represented by the pseudo-second-order model for anionic and cationic dye adsorption. Studies on adsorption kinetics of dyes by MPSs are summarized in Table 10 .
Three consecutive mass transfer steps are associated with the adsorption of solute from solution by MPSs, any of which could be the rate-controlling factor. First, the adsorbate migrates through the external boundary layer film of the liquid surrounding the outside of the particle, followed by solute movement from the surface of the particles into internal sites by pore and/or surface diffusion, and finally the adsorbate is adsorbed onto active sites in the interior of the adsorbent particles. The final step is assumed to be faster than the first two steps and is, thus, not considered in kinetic analyses. The kinetics of the adsorption of Yellow 87 by MCM41 has been studied using the pseudo-first-order and pseudo-second-order kinetic models. The values of the pseudo-second-order rate constant increases with increasing concentration of the dye from 0.025 to 0.250 mg/l. The R 2 values were closer to unity for the pseudo-second-order model. Moreover, during the initial stage of the adsorption process, rapid removal of basic yellow 87 was recorded in the first 10 min. These results indicate that there is a higher-affinity between the dye molecules and the surface of MCM41 than for AC due to rapid adsorption ). The high R 2 values (> 0.99) indicate that the adsorption process of MB and JGB by SBA-15 is well described by the pseudo-second-order rate equation. In addition, the adsorption rate constant k 2 of MB, which has a smaller molecular size, is larger than that of JGB at each temperature (e.g. 16.71 and 7.34 g/mmol min at 65 °C, respectively) (Huang et al. 2011b ). The adsorption of MB and RhB from aqueous solution by titania-MPS indicates that the adsorption kinetics is best described by the first-order model (Messina and Schulz 2006) . The adsorption of anionic dyes by NH 3 + -MCM-41 revealed that an increase in the concentration of dye results in an increase in the driving force, which consequently increases the diffusion rate of the molecular dye from the bulk phase to the exterior surface of the adsorbent. Qin et al. (2009) report that the order of Δq e (difference between experimental and predicted q e ) is pseudo-first > pseudo-second > in- Table 9 The three most popular kinetic models.
Kinetic model Formula
Pseudo-first-order reaction log (q e -q t ) = log (q e ) -K l / 2.303 t Pseudo-second-order reaction 1/ q t = 1 / k 2 q e 2 + 1/q e t Intraparticle diffusion q t = k i t 1/2 + c q e (mg/g): amount of adsorbed dye on the adsorbent at equilibrium; q t (mg/g): the amount of adsorbed dye on the adsorbent at time t; k 1 (min -1 ): the rate constant for first-order adsorption; k 2 (g/mg min): the pseudo-second order rate constant (Deniz and Karaman 2011) Methylene Blue Pseudo-second-order 0.999 0.5 traparticle diffusion model for four types of anionic dyes, which indicates that the intraparticle diffusion model is the best description of the adsorption kinetics of anionic dyes by NH 3 + -MCM-41 (Qin et al. 2009 ). Overall, the studies indicate that the pseudo-second-order rate equation provides a reasonably good fit to the data on dye adsorption by MPSs.
Multi-component adsorption
The prediction of the multi-component equilibrium data has always been complicated due to the interactive and competitive effects involved. Nevertheless, there have been attempts to predict and correlate multi-component data from single component data (Turabik 2008) . The adsorption of Acid blue 25 and Methylene blue dye by NH 2 -MPS in the binary system has been reported by Ho et al. (2003) . In competitive adsorption experiments Acid blue 25 (250 mg/g) is adsorbed preferentially over NH 2 -MPS. These authors suggest that the adsorbed dye molecules change the chemical characteristics of the MPS, which then interacts with the cationic MB dye in the solution leading to multilayer adsorption and the enhancement in the adsorption of methylene blue by NH 2 -MPS. The competitive adsorption of MB and RB by Al-MCM-41 in binary system form 8 × 10 −6 M dye solution was studied by Eftekhari et al. (2010) . In comparison with RB, the smaller size of MB provides the necessary driving force to overcome the resistances to mass transfer resulting in a higher sorption capacity (Eftekhari et al. 2010 ). In general, in a binary system, competition (total or partial) between adsorbate species to occupy sorbent sites on the solid surface occur and may act as a sorption-controlling factor. Such phenomena result in the solid surface being covered by both adsorbates with certain fractional loadings. Moreover, the adsorption potential of the surface is also affected by lateral interaction or competition between adsorbate species (Kurniawan et al. 2012) .
Desorption studies
That an adsorbent can be repeatedly used to adsorb and desorb without loss of adsorption capacity is an important feature of an adsorbent. Desorption is usually achieved by mixing a suitable solvent with the dye-sat-urated substrate, shaking the mixture until the dye is extracted from the solvent and then using filtration to separate the adsorbent (Bharathi and Ramesh 2013) . Studies of desorption help us to understand the adsorption mechanism. If the adsorbed dyes can be desorbed using water at a neutral pH, then the bonds attaching the dye to the adsorbent are weak. If the dye is desorbed in alkaline water, then adsorption is by ion-exchange. If the dye is desorbed in an organic acid, then adsorption is by chemisorption (Salleh et al. 2011; Bharathi and Ramesh 2013) . Table 11 lists studies on desorption of dyes from various MPSs.
MB and AO can be desorbed from carboxylic-magnetic-MPS by washing it with ethanol at pH 3 with an equilibrium time of 6 min. The percentage desorption of MB and AO was above 91.0% for different concentrations of dye. The regenerated adsorbents were treated with deionized water to neutralize and then vacuum dried at 333 K overnight. After seven successive adsorption-desorption cycles there were no changes in the sorption behaviour. Desorption efficiency was above 88% in the final cycle (Fu et al. 2011 ). Desorption of Remazol Red from HMS was carried out by surfactant enhanced regeneration. The results indicate that HMS can be used repeatedly desorbed three times without significant loss of its adsorption capabilities (Asouhidou et al. 2009 ). To evaluate the possibility of regenerating MB saturated SBA-15 adsorbent, desorption was carried out. The result indicates that the fading rate for the MB solution was almost unaffected even after the tenth run with regenerated SBA-15 (Dong et al. 2011 ). According to the literature, MPSs can be easily recovered and recycled but the data is insufficient for drawing a firm conclusion. Therefore, more research works is needed and it should focus on the regeneration of MPSs.
Conclusion and suggestions
In this paper the use of MPSs as adsorbents for removing dyes from aqueous solutions is reviewed. MPSs have a great potential for removing dyes and could be used commercially. This paper attempts to highlight the effect of the class of dye on the adsorption process and reviews some of the studies on adsorption of dyes by various MPSs. Based on the literature, functionalized MPSs are better at adsorbing dyes than MPSs; especially Review of the use of mesoporous silicas for removing dye from textile wastewater 127 those functionalized with amine and branched polymer groups. The most important factor affecting adsorption is pH, with a high pH best for cationic dye adsorption, whereas an increase in pH results in a significant decrease in the adsorption of anionic dyes. The adsorption efficiency also increases with increase in adsorbent dosage and contact time. The Langmuir model is usually used to evaluate the adsorption capacity of MPSs. Although, a lot of work has been done on the adsorption efficiency of MPSs further studies are needed on cost effectiveness of using them to remove dye from industrial effluents. Since there are a variety of MPSs based adsorbents, arguments on which type of adsorbent is the best will continue. There is no definite answer to this debate since each of the adsorbents has its own advantages and disadvantages. This review indicates there is a great opportunity for improvement resulting in MPSs being used commercially instead of only in the laboratory.
